possible [11, 15] . Since this development, an increasing number of researchers have implemented this microfluidic approach, and have developed a variety of functioning microdevices for applications such as polymerase chain reaction (PCR), gene ligation, gene transformation, mRNA isolation from single cells, cell culture, cell screening, and protein crystallization [2] [3] [4] [7] [8] [9] 12, 18, 22] .
The fabrication of a PDMS microchip can be generally divided into three steps: 1) chip design by two-dimensional Computer-Aided Design (AutoCAD 2D, www.autodesk. com), followed by the printing of a mask based on the design; 2) mold fabrication by soft lithography to transfer the pattern from the mask to a silicon mold; and 3) chip fabrication by micro-molding to transfer the pattern from the silicon mold to a PDMS chip. The second and third steps can be carried out at specialized facilities, such as a university microfluidic foundry (e.g., Stanford University Microfluidics Foundry and Caltech Microfluidic Foundry) or by a chip shop, with both a reasonable price and short turnaround time. However, the foundry or shop does not usually participate in the first step, because chip design is regarded as a research activity rather than a standardized process.
The common problem most biomedical researchers face is the lack of either an engineering background or training in AutoCAD 2D. With the desire to miniaturize and automate time-consuming and labor-intensive bench-top biological processes into a microfluidic chip, bio-scientists often have to find a collaborator in a Biomedical Engineering department or hire a computer scientist/engineer. In order to help bioresearchers with little or no background in AutoCAD to be able to create a microfluidic chip design, we attempted to develop an add-on feature to simplify the drawing process in AutoCAD.
With the ultrafast expansion of technology, creating software that does not quickly become outdated seems to be an oxymoron. However, this is exactly what a program designer must strive for; and therefore, we chose the .NET platform [16, 19, 21] . The .NET platform uses a managed interface (or virtual machine), which means that any programming language that implements .NET gets converted into the Common Intermediate Language (CIL) before being translated to binary code (or machine code) by the Common Language Runtime (CLR). This allows code written by a programmer in a .NET language to be valid for any operating system. Also, if other programmers contribute to the program in the future, the various parts of the program could be written in different programming languages, as long as each implements the .NET Framework. Currently, C# (C-Sharp) and Visual Basic (VB) are the programming languages that are most fully built around the .NET platform, even though many other languages also implement it. We selected VB because its syntax is more userfriendly than that of C#.
AutoCAD supports the .NET Framework through the provision of a set of libraries, called the AutoCAD ObjectARX In this work, we used the .NET platform to develop an AutoCAD add-on that includes the most widely used components in microfluidic chip design, such as a channel, loop, valve, punch, channel to loop connection, valve to channel connection, valve to loop connection, channel to channel connection, and punch to channel connection. To test our program, we used our AutoCAD add-on to draw a series of two-layer microchips (including both control and flow layers) with different capacities, and sent the AutoCAD file to the Stanford University Microfluidics Foundry for PDMS chip fabrication. The microdevices were designed to synthesize luciferase protein using the T N T ® Quick Coupled Transcription/ Translation System (Promega). The light intensities read using a luminometer show that the quantity of luciferase produced on the chip is proportional to the capacity of the reaction loop.
Program setup
Much of a programmer s time is spent in error prevention, because there are an infinite number of ways that a user can cause a program to malfunction. Therefore, we require users to start with a template file for each of their AutoCAD designs (see Figure 1 ); in order to save time, to simplify the user s experience, and to limit the range of possible errors. The template is based on the 4-Inch Mask Template that the Stanford Microfluidics Foundry provides, but it does not limit the user solely to Stanford s design standards. The supplied template file simplifies the look of the 4-Inch Mask Template, adds the capability of designing up to four molds per drawing and includes dynamic blocks (combinations of multiple AutoCAD entities, i.e., lines and circles, into single reusable entities with click and drag parameters) specific to microfluidics.
AutoCAD uses basic drawing entities, such as lines and circles, as the building blocks of drawings. However, it also allows the user to combine certain entities into single entities called blocks. In fact, the database inside each AutoCAD drawing stores the environment the user draws in as a block. In recent editions of AutoCAD, blocks can be made dynamic by adding parameters within the block editor and adding actions to the parameters. This creates grips on the blocks that the user can drag with a computer mouse to adjust the parameters in accordance with the desired actions. These features made dynamic blocks the right candidate to use to represent the basic primitives of the microfluidics design world, such as the valve, punch, alignment mark, and loop.
The only primitive that did not fit the dynamic block mold was the channel. Rather than being a building block itself, the channel s role is better classified as a connector of building blocks. Therefore, channels are built upon a multiline, which is a single entity representing a series of parallel lines.
The AutoCAD UI (user interface), along with the UIs of other programs such as Microsoft Office, used to rely heavily on menus and toolbars. These UIs have evolved into a ribbon (strip of command icons across the top of the screen that is more varied and detailed than a toolbar), and in the case of AutoCAD, palettes (which look like tabs). We chose to use palettes for our UI, and included instructions for how each one is to be used. DOI: 10.2477/jccj.H2204 185 Figure 1 . The four-inch diameter mask template, before any drawing has occurred. The text is scaled larger so it can be read more easily.
There are four palettes the user can view. The topmost palette is for inserting a channel into the drawing (see Figure   2a ). The user selects the desired width of the channel, selects which part of the channel the mouse will lock onto, and then clicks the Draw button. When drawing the channel, the user proceeds as if drawing a line, by clicking where each vertex should be located. Then, the program uses ChannelJig to draw the rest of the channel as offset lines. The second palette from the top is the Punch palette (see Figure 2b ). It is simple to use in that it lets the user select one of four punch sizes and then click Draw to insert the desired punch. Third, the Valve palette lets the user select the width of the flow channel that the valve will be on, and adjusts the valve size accordingly (see Figure 2c ).
Once again, the user simply clicks Draw to begin the process of choosing where to insert the valve into the drawing. Finally, the Flow Loop palette lets the user pick the capacity of the loop, the width of its channel, and the depth of the flow layer on the chip (see Figure 2d ). Based on this input, the program calculates the size the loop needs to be. The user then selects which point on the loop the mouse should snap to during the insert operation, and then clicks Draw.
One extremely useful feature that AutoCAD employs within many commands is the concept of dragging. Dragging allows the user to preview the changes being made when moving, stretching, scaling, or rotating an entity or multiple entities.
As the user moves the mouse, AutoCAD retrieves either the point where the mouse is located or the angle or distance the point is from a particular base point. This is called sampling.
Next, AutoCAD updates the entity or entities in respect to the sampling by moving, stretching, scaling, or rotating. The effect of doing this every time the user moves the mouse is a preview of the changes the user is making before choosing whether to click the mouse to finalize the changes or press Esc to cancel them. The AutoCAD .NET libraries allow the programmer to access dragging through inheriting from two classes, DrawJig and EntityJig. The programmer inherits from the EntityJig class when he or she wishes to drag only one entity; he or she inherits from the DrawJig class when he or she wishes to drag any number of entities.
Another useful AutoCAD window is the DesignCenter.
While the DesignCenter contains a variety of features, we used the Blocks section within the Open Documents Tab to allow the user to click and drag any of the microfluidics blocks into the drawing, with their parameters set to defaults (see Figure   3 ). This provides a second option for the user to edit the parameters. One can use the grips on each dynamic block to edit the parameters after the blocks are already in the drawing.
Because the alignment mark has no parameters to change but simply grips that move it, there was no need to create a tab for it. Instead, it can only be dragged into the drawing from the DesignCenter.
To enable the user to draw a valve, punch, or loop, we created an InsertJig class. Due to the inclusion of dynamic blocks in the template file, the InsertJig simply needs to access the proper block, adjust its parameters to match the options the user selected from the palette, and then position the block according to where the user s mouse is when it is clicked.
Each block has a base point that acts as the location that the mouse cursor locks onto as the drag operation occurs. For a punch or valve, the base point is at the center. However, for a loop, the user can choose between the center, and the topmost, bottommost, leftmost, or rightmost point. Finally, InsertJig appends the new block to the database.
One of the most difficult processes for people not familiar with AutoCAD is connecting together entities that are already inserted into the drawing. There is an art to using the various object snaps in AutoCAD that allow connections to be made exactly so that the user does not have to question whether two entities are really touching or whether there is a small indiscernible space between them. To help users with this issue, we have implemented the connect command. When the user types CONNECT, the program prompts the user for two entities. The first entity will move and rotate to connect to the second entity, which remains stationary. From this point, the program offers a set of choices, depending on the entities chosen for the connection. Possible connection types are channel to loop, valve to channel, valve to loop, channel to channel and punch to channel (see Figure 4 ).
The channel to loop connection is a compilation of three jigs. The first jig allows the user to choose which end of the channel will be connected to the loop. This is done with the CircleJig, which draws a circle around the end of the channel that is closest to the mouse pointer (see Figure 4a ). After the user clicks the mouse button, selecting a channel end, the connection proceeds to the AlignRotateJig. This jig determines the point on the loop to which the channel will be fixed. This point can be anywhere on either the inside or the outside circles of the loop. As the user moves the mouse, the jig previews the channel emanating from the point on the loop closest to the mouse pointer at a perpendicular angle (see Figure 4b ).
The valve to flow channel connection centers on the concept of move lines. The move lines represent the set of possible points that the valve s center can lock onto along the channel. Once the program determines the lines (see Once the user clicks, the valve is locked in to its new position.
The valve to loop connection uses the RotateJig to accomplish its task. The jig samples the angle of the user s mouse cursor relative to the center of the loop and moves the valve to the location on the loop at that same angle. Due to the polar tracking setting available in AutoCAD, it is possible to know the exact angle at which each valve is located to the loop (see Figure 4d ). This allows easy construction of onloop metering. The user already knows the total capacity of the loop since that is one piece of information entered into the Based on this ratio, we calculated the capacities of the reaction chambers needed for the individual components (see Table 1 ). Figure 5 illustrates the design of a two-layer PDMS chip 450  360  9  18  63   550  440  11  22  77   Table 1 . Capacities of chip reaction chambers for luciferase synthesis.
Step Step 7: Enter CONNECT again. Choose the punch as the moving object and the channel as the stationary object. Select the top end of the channel as the align point.
Step Step 10: Use the CONNECT command with the valve as the moving object and the loop as the stationary object. Polar track snap to each of the five angles that you input in Step 9,  repeating this command five times to connect each valve to the loop (see Figure 6 ).
Step 11: Check that the active layer is still set on Flow. Use the Punch tab to place a 14 Gauge punch at the center of the loop using the center object snap.
Step of punches that are between the two loops in the drawing (see Figure 6 ).
Step 13: Insert a second 20 Gauge punch at the right quadrant snap of the outer circle of the loop. With the same method as in Step 12, move the punch right 3500 µm, then up 8000 µm. This places the punch as the top punch in the right column of punches between the two loops in the drawing (see Figure 6 ).
Step 14: Select the punch from Step 12, and then type ARRAY to access the ARRAY command. Make sure that Rectangular Array is selected. Set the rows to 10 and the columns to 1. Next, set the row offset to -2000 and click OK.
The column offset is irrelevant.
Step 15: Select the punch from Step 13, and use the ARRAY command. This time, set the rows to 9, leaving the columns at 1 and the row offset at -2000 and click OK. Once again, the column offset is irrelevant.
Step 16: From the two columns of punches just created, click on the bottom two in the left column and the third and eighth from the top in the right column to select them. Set the active layer to Flow to move these punches to the flow layer.
They should now be red instead of green (see Figure 6 ).
Step 17: Insert a valve near the channel at the bottom of the loop. CONNECT the valve (moving) to the channel (stationary) so that the valve is at the very bottom of the channel. Next, move the valve up 50 µm using the method described in Step 12 (see Figure 7 ). 50 is used because the Stanford standard distance between a control layer and a flow layer object that are not forming a valve is 30 µm. By moving the center of the valve by 50 µm, the edges are ensured to be at least 30 µm away from the loop.
Step 18: Right click on the polar tracking icon, then select Step 23: Draw a channel from the center of the loop at 34 degrees that is 11000 µm in length. To do so, after selecting the center of the loop as the first vertex, snap to 34 degrees and type in 11000 (see Figure 7 ).
Step 24: Type TRIM. Select the outer circle of the loop.
Click Enter. Click on any part of the channel from
Step 23 that is inside the loop. Click Enter again to finish.
Step 25: Insert a 20 Gauge punch near the channel from
Step 23. CONNECT it to the end of the channel not connected to the loop.
Step 26: Insert a valve near the channel from Step 23. Step 28: Use the TRIM command with the outer circle of the loop as the cutting edge. Then click a point on the channel inside the loop and hit Enter to finish.
Step 29: Insert a valve near the channel from Step 27.
CONNECT it to the channel at the leftmost point. Move it 30 µm on a 20 degree polar track.
Step 30: Follow Steps 27-29 two more times, substituting 329 and 322 degrees instead of 20 degrees, and using the next two flow punches from the top, respectively.
Step Step 32: Follow Steps 28 and 29 for the first channel from
Step 31, substituting 274 degrees for 20 degrees (see Figure 7 ).
Step 33: Set the active layer to Control. Remove all additional angles in the polar tracking settings and set the increment angle to 5. On the Channel tab, set the channel width to 30 µm and choose the Center radio button. Use polar tracking, the midpoint snaps of the leftmost line of each punch, and an intersection object snap at each valve to draw the following channels.
Step 34: Start from the topmost punch. Draw a channel from the midpoint snap on the punch (in the same way as before) at 180 degrees until it meets with the 90 degree polar track from the top of the valve that is the leftmost of the top set of three valves, and then continue down to the top of the valve.
The channel will not be totally connected. This will be adjusted later. Use the same method with the topmost punch in the right column to the middle valve of the top set of three valves, and the sixth punch from the top in the left column to the top valve in the fourth set of three valves from the top (see Figure 8 ).
Step 35: Draw a channel from the right valve in the top set of three to the second punch of the left column. Use a distance of 1750 µm at 0 degrees from the right point of the valve, followed by a 45 degree polar track to an intersection object snap with the punch.
Step 36: Draw a channel from the midpoint of the top right side of the left valve in the second set of three from the top to the second punch from the top in the right column. Use a 45 degree track, followed by a 0 degree track.
Step 37: Draw a channel from the midpoint of the top right side of the middle valve in the second set of three to the third punch from the top in the left column. Draw at 20 degrees for a distance of 1500 µm, then use a 60 degree track until it intersects with the punch.
Step 38: Draw a channel from the midpoint of the bottom right side of the right valve in the second set of three from the top to the fourth punch from the top in the left column. Use a 290 degree polar track, followed by a 0 degree track to the punch.
Step 39: Using a 55 degree track followed by a 0 degree Step 40: Draw a channel from the fifth punch from the top in the right column to the midpoint of the top left side of the middle valve in the fourth set from the top. Do this by using a 180 degree track followed by a 270 degree track, and finally a 0 degree track, making sure that no control channels cross each other.
Step Step 42: Draw a channel from the last unconnected punch to the last unconnected valve using a 180 degree track until an intersection object snap.
Step where they intersect (see Figure 8 ).
Step 44: Select everything drawn so far. Individually deselect all of the punches that are in the two columns at the right, then type in the MIRROR command. Select the midpoint of the top line of any punch in the right column. Next, select the midpoint of the bottom line of any punch in the right column.
Hit Enter to say no to erase the source objects.
Step Step 46: Click on the unconnected endpoint of each remaining unconnected mirrored channel. Use a 180 degree polar track to snap each channel to the midpoint of the right line of each respective punch. For flow channels, make sure to click on the endpoint of the tiny channel that is at the end and to connect it to the intersection object snap on the punch.
Step 47: Select every control channel without a punch or valve. Enter the EXPLODE command. At each place where a control channel is not connected to a valve or overlaps into the valve, click the endpoint of each line and move it to an intersection object snap with an edge of the valve. Make sure that the closest segment of the channel does not change direction but is rather extended or shortened in the same direction.
Step 
Testing the experimental chips
The AutoCAD design was sent to the Stanford Univeristy Microfluidics Foundry for PDMS chip fabrication. Two chips were fabricated for each of the 350 nL, 450 nL, and 550 nL reactions. As shown in Figure 5 , the 20 gauge (smaller) punches outside of the reaction loops (in the middle of the design) are used to connect the microchip to the macro world in order to add reactants (in the red flow layer) or to adjust air pressure in order to close a valve (in the green control layer); the 14 gauge (larger) punches at the center and below the center inside the reaction loops receive reaction waste and the luciferase product (see labels in Figure 5 ). The procedure for operating the chip is briefly described below.
First, apply 10 psi of air pressure to the control layer to close the ten valves on both reaction loops, and the valves on Table 2 .
To calculate the average light intensity and standard deviation from each size chip, we first subtracted the light intensity of the negative (-) reaction from that of the positive (+) reaction. The two replicates for each size chip were averaged, and the standard deviation was calculated. Figure 9 shows the trendline for the light intensity versus the capacity of the reaction loop. The error bar represents the standard deviation from the average of two measurements. From the graph, we can see that the light intensity is proportional to the capacity of the reaction loop, which means that the luciferase protein produced on the chip is proportional to the capacity of the reaction loop.
Conclusion and outlook
The AutoCAD add-on presented in this paper includes the most 
